We investigated the robust detection of surface electromyogram (EMG) signals based on the stochastic resonance (SR) phenomenon, in which the response to weak signals is optimized by adding noise, combined with multiple surface electrodes.
Introduction
Recently, man-machine interfaces (MMIs) have come to play a key role in various types of electronic equipment. For user-friendly MMIs achieving intuitive machine control, detection and use of surface electromyogram (EMG) signals have attracted much attention. [1] [2] [3] EMG signals are trains of voltage pulses generated by the activity of muscles and it includes information of the motion of the human body. [4] [5] [6] [7] [8] Surface EMG signals, which can be taken noninvasively, are necessary for MMI applications. Surface EMG signals are attenuated significantly on the body surface 9, 10) and their amplitudes range from 10 µV to 10 mV. Thus, surface EMG signals are usually contaminated by noise and their detection is often difficult. In a conventional EMG detection technique called as bipolar lead, EMG signals are amplified using a differential amplifier with two surface electrodes. When the two electrodes are attached at the appropriate positions, noises induced on the two electrodes are in the same phase whereas the surface EMG signals are in the anti phase. Then the differential amplifier can cancel out the noise and amplify the EMG signals. This means that the bipolar lead is quite sensitive to the contact balance between the two electrodes. When the motion of the subject causes fluctuations of the contacts, the system inevitably amplifies the noise and cancels the signals, and the output signal-to-noise ratio (SNR) decreases drastically. This is a problem in the application of EMG to MMIs for daily use that would allow easy attachment to the body of a subject.
As an alternative surface EMG signal detection technique, we have developed a novel one based on the stochastic resonance (SR) phenomenon. SR is a nonlinear phenomenon in which a response to a weak signal is optimized or improved by adding noise. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] This phenomenon is often seen in the sensory functions of various biological systems. [23] [24] [25] In addition, the biological systems often enhance the SR response by forming summing networks with many sensors in parallel. 26) We already confirmed that the SR-based technique can achieve a higher SNR than the conventional technique.
27)
The purpose of this study is to investigate a robust EMG signal detection technique by combining SR and a flexible multiple surface electrode array to achieve both the increase in sensitivity and elimination of contact fluctuation. We introduce the novel use of carbon nanotube composite paper (CNT-cp) as the surface electrode material, which is flexible and easy to handle. We characterize the performance of the CNT-cp-based surface electrode. Then, the SR-based EMG detection system with a multiple-surface-electrode array is implemented and characterized.
Concept and implementation
The basic concept of the surface EMG detection system is shown in Fig. 1(a) . Our system achieves high SNR and robustness against the motion of the body owing to the application of the SR phenomenon together with the multiple surface electrode array.
The multiple-surface-electrode configuration can eliminate contact fluctuation by averaging. Figure 1(b) shows the calculated output SNRs of the bipolar lead and the standard averaging technique. For simplicity, we assume that the input SNR is 1 and uncorrelated noise is superimposed on each electrode in the multiple-surface-electrode array. In this calculation, half of the electrodes have imperfect contacts. Contact balance in this figure corresponds to the input amplitude ratio of the imperfect to perfect contacts. In the case of the multiple electrodes, the response becomes increasingly robust against the contact unbalance with increasing number of electrodes. The output SNR of the multiple electrodes is better than that of the bipolar lead when the contacts are unbalanced. A typical response of SR and its mechanism is shown in Fig. 1(c) . The basic mechanism of SR involves noise-assisted state transition in a nonlinear system.
11)
When an input signal is weak, the signal cannot cross the threshold and no response is obtained in the output. On the other hand, when a moderately strong noise is added to the input signal, the noise-added signal crosses the threshold stochastically and the response appears in the output. Here, the input and output waveforms clearly correlate.
Note that the amplitude of the input signal is successfully encoded to pulse density or pulse width in the output owing to the nonlinear operation of the device. The original input can be reproduced by decoding the pulse train using a low-pass filter. 28) Threshold and bistable systems are often used to electrically induce SR, such as a comparator and a Schmitt trigger. 29, 30) To enhance the SR response, formation of a summing network as shown on the right side of Fig. 1(a) them. This corresponds to the situation that an uncorrelated noise is imposed on all the SR devices, which positively contributes to the reproduction of the original input signal.
Our system uses internal noise to cause SR without adding external noise. Thus, a noise source is not necessary for this system. We adjust the system to obtain the peak of the SR response by tuning the threshold values. In addition, massive integration of SR devices can maintain high input-output correlation even when the noise intensity changes.
For the surface electrodes for EMG detection, Ag/AgCl with electrolyte paste is commonly used. However, such electrodes are inflexible and contact fluctuation takes place when the subject moves. In this study, we investigate the use of carbon nanotube-composite paper (CNT-cp). A surface electrode needs to be sensitive to EMG signals and low-intensity noise. It must be harmless to humans and flexible for stable contact to the skin on the curved parts of the body. CNT-cp satisfies almost all these requirements, except for its relatively high sheet resistance. This material is also attractive for easy fabrication of multiple electrodes by cut and paste. It is softer and warmer on the skin than metal electrodes.
Experimental procedure
Prior to the examination of the SR-based EMG signal detection system, we characterized the CNT-cp surface electrodes for EMG signal detection. Figure 2 shows photographs of a CNT-cp electrode and a commercially available conventional Ag/AgCl electrode, together with a diagram of the unipolar lead for the electrode characterization.
Both of them were circular in shape and their diameters were both 8 mm. CNT-cp was prepared by mixing multiwalled carbon nanotubes (MWNTs) into a piece of paper.
31,32)
The thickness of the paper was 50 µm and the CNT content was 0.5 g/cm 2 . The surface color of the CNT-cp reflected the amount of the mixed CNTs. The sheet resistance was 40 W/sq. We used the unipolar lead technique for the characterization of the electrodes, in which the EMG signal induced in the surface electrode was amplified after filtering DC and 50 Hz hum noise. The surface electrodes were fixed on the ulnar forearm of a subject using an adhesive tape. An EMG signal was generated by tensing the forearm muscle by making a fist, without any motion of the body of the subject. The effect of the electrolytic paste on EMG signal detection was also examined.
The SR-based EMG signal detection system is shown in Fig. 3 . It integrated 8
Schmitt triggers as bistable nonlinear devices in parallel. A Schmitt trigger was formed using an operational amplifier with a feedback. It had hysteresis characteristic with two thresholds. Its hysteresis width could be adjusted by changing a variable resistor in the circuit. The EMG signal induced in each surface electrode was fed into an active high-pass filter (HPF) 33) and a band elimination filter (BEF) for canceling the DC offset and filtering the 50 Hz hum noise, respectively. Then the filtered signal, which still included high-frequency noise, was inputted into the Schmitt trigger. The output of the system was obtained by summing up the outputs of all the Schmitt triggers using a summing circuit. The system output waveforms were recorded using a digital oscilloscope. The system above was implemented using the surface mount technique. shown in Fig. 4(a) . The Ag/AgCl electrodes with and without the paste achieved SNRs of 18 and 16 dB, respectively. The electrolytic paste increased the SNR as expected.
The CNT-cp electrode could also detect EMG signals clearly, as shown in Fig. 4(b) . The evaluated SNRs with and without the paste were 20 and 17 dB, respectively. These were comparable to that of the Ag/AgCl electrode with the paste. The CNT-cp electrode showed high sensitivity even without the paste. In general, a low impedance is necessary for the surface electrode to detect EMG signals with small loss. 34) However, the sheet resistance of the CNT-cp electrode was 100 times higher than that of the Ag/AgCl and the obtained result seemed to contradict the requirement of the surface electrode.
We considered that the good performance of the CNT-cp electrode in the surface EMG signal detection was attributed to the low contact resistance to the surface skin. Then, we estimated contact resistance by measuring the current between the two surface electrodes attached onto the skin surface of the forearm at an applied voltage of 1 V. The interval of the electrodes was 2 cm. We also characterized a CNT-coated polyethylene terephthalate (PET) film with a smooth surface and a platinum (Pt) film with a very low sheet resistance. The evaluated contact resistances are summarized in Table I . The measured resistances were on the MΩ order and they were much higher than the resistances of the electrode and skin: less than 10 Ω and 2-4 kΩ, respectively Therefore, the contact resistance between the electrode and the skin predominated the However, the intensity of the EMG signal was converted to the width and density of the pulses owing to the nonlinear transfer curve of the Schmitt trigger. In addition, the detailed amplitude of each pulse had multiple values in accordance with the input amplitude. We separately confirmed that the output pulse trains maintained the information of the input EMG signal. 
Signal detection circuit

Application to machine control
We demonstrated the feasibility of our SR-based technique for MMIs with robot hand control using the surface EMG signals on the forearm of the subject. A diagram and a photograph of the robot hand control system are shown in Fig. 7 . The EMG signals on the forearm were obtained using the SR-based technique, which was the same as that in 
Conclusions
We investigated the robust detection of EMG signals based on the SR phenomenon using multiple surface electrodes. CNT On-board microcomputer SR-based EMG signal detector
